Abstract-In power market environment, available transfer capability (ATC) is an important index indicating the amount of the further usable transmission capacity for commercial trading. ATC calculation is non-trivial when static security constraints are included. In this paper, Benders decomposition method is proposed to partition the ATC calculation problem with static security constraints into a base case master problem and a series of subproblems relevant to various contingencies. The master problem is used to handle the base case power flow constraints and Benders cut constraint from the corresponding subproblem, and each subproblem is used to generate the static security constraints from the corresponding contingency. The mathematic model is formulated and an improved parallel solution scheme is presented. Computer testing results on the IEEE 30-bus system show clearly the effectiveness of the proposed method and solution scheme.
I. INTRODUCTION
ITH the deregulation of the electric power industry, a W new environment has merged which is characterized by various transactions across the systems through certain market mechanisms. Perhaps the security and reliability of the transmission system are of most significance and of great concern. They are becoming ever more challenging due to the voluminous amount of transactions traversing the transmission network in various directions. In general, the deregulation impact on the security and reliability of the system includes heavier line loadings, increased loop flows, reduction of surplus capacities and decreased margin of stability. Consequently, the effect of the system security criterion on the transfer capability has to be addressed bluntly.
In the United States, the Federal Energy Regulatory Commission (FERC) has mandated the nondiscriminatory open access for the transmission network and the calculation of the available transfer capability (ATC) for each control area. ATC is defined as a measure of the transfer capability, has been used to solve the static security constrained ATC (SSC-ATC) problem. However, the correct representation of security constraints (and even more so if post-contingency actions are to be taken into account) may cause a great increase of orders of magnitudes in problem size. In this paper, Benders decomposition [91 is proposed for dealing the SSC-ATC problem. SSC-ATC problem is cast as a mathematical programming problem where the objective function is to maximize the transfer power between specific generator(s) and load(s) subject to the constraints of load flow equations and system operating limits. "-1 ' security criterion is used with contingency list available. Benders 0-7803-7989-6/03/$17.00 02003 IEEEdecomposition breaks down the original problem into two levels: the master level (master problem) and the slave level (subproblems). Each contingency can be incorporated into a subproblem, which generates corresponding security bounds to be turned over to the master problem for consideration via a Benders cut. Using an iterative algorithm, Benders cuts corresponding to various contingencies are introduced concurrently or gradually to the master problem until the final solution is reached. Benders decomposition has already been used successfully in some power system problems [101-[131. It has noticeable advantages as follows:
It is flexible to use it concurrently with the existing system models and solution procedures. The subproblems can be solved independently of each other, and can benefit directly from parallel processing technologies. The method can also deal with unfeasibility of the subproblems.
The possibility of extending model structural details and features without major changes in the algorithm itself.
It has strong ability to treat mixed continuous and integer variables. And no linearity assumption is made on the variables. This paper is arranged as follows. In Section 11, the formulation of SSC-ATC calculation is presented. Section 111 describes the application of Benders decomposition to SSC-ATC calculation, and an improved parallel solution scheme is presented in section IV. Computer test results and conclusions are given in sections V and VI respectively.
FORMULATION OF THE SSC-ATC PROBLEM
SSC-ATC is the maximum amount of power transferable over the entire transmission network from an injection (sending) nodelarea denoted as supply generator set S to an extraction (receiving) node/area denoted as receiving load set R without violating any of the pre-and-post contingency static constraints. Usually, SSC-ATC calculation only takes into account the line thermal limits and the voltage limits. The first incurred limit among them sets the final SSC-ATC value. The main assumptions used in this study are as follows:
The base case power flow of the system is feasible and corresponds to a stable and secure operating point.
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The load and generation patterns vary slowly so that the system transient stability is maintained, and the system has enough damping torque to keep dynamic stability.
Bus voltage limits are reached before the system reaches the nose point and loses voltage stability. Based on these assumptions, system constraint violations will be transmission line flow limits and voltage deviation limits under base case and contingency conditions, i.e. the SSC-ATC calculation is our target at this stage.
The conceptual scenario for SSC-ATC calculation can be cast as a mathematical programming problem taking the format below:
where U, and x, are the control and state vectors respectively. go and h, are system equality and inequality constraints at the normal (base-case) operating condition, while g , and h, are equality and inequality constraints for contingency case p . nc is the total number of contingencies to be considered. The constraints for contingency cases are similar to the normal operation case except that one element of the system (in our study, a transmission line) is disconnected. KO and U, are subsets of uo and up respectively used to take into account generation power rescheduling of the supply set S allowed after contingency p , while AE, are the acceptable ramping limits of generators for the supply set S. The so-called coupling constraint IFo -U, I 5 AEp is very important in Benders decomposition method, which introduces cross-link between the base case optimal control vector uo and the post-contingency optimal control vectoru, . The effects of coupling constraint will be seen later. Assuming SSC-ATC to be evaluated is between generator bus set S and load bus set R, detailed expressions of the objective function and constraints of SSC-ATC problem are as follows:
sub-ject to P r I P& 5 P G ! , k E S, S c M f $ I PJ I P,"", d E R Vmin S y p IYmaX,i=1,2 ,..., N I Z; I z i~, i , j =1,2 ,..., ~, i The great number of constraints in (2), corresponding to the number of contingencies considered, makes its solution computationally onerous. Therefore the Benders decomposition method is suggested to solve the problem defined in (2) based on the general format in (1).
BENDERS DECOMPOSITION METHOD
The critical issue in the Benders decomposition method is to produce a Benders cut once a violation is detected in the subproblems, which can bring corresponding constraints andor tuning requests back to the master problem.
A. Subproblem definition
Benders decomposition breaks down the original problem into a master problem and a set of subproblems. In our study each contingency case is distinctively represented as an independent subproblem. The p-th contingency subproblem is defined as @=l, 2, ..., nc):
where e = (l,...,l)T. ap is a vector that measures the incurred violation associated with the post-contingency control subset u p . U," corresponds to the subset of base-case control vector --for the k-th iteration, i.e., real power outputs of generators in the supply set S, which is the information coming from the master problem to the subproblem p. In the first iteration, Z :
will be set to the initial base case generator outputs of the supply set (i.e.,
). It will be updated in forthcoming iterations marking the new base-case operating point because of the contingency impacts included gradually.
It is clear that if at the solution point ap = 0 (i.e. all the generator-rescheduling-relevant constraints are satisfied, and Min e T a p = 0 ) , then a feasible solution ii, is obtained for the p-th subproblem, which will not impose additional constraints on Z,, . Otherwise ap > 0 (i. e. some elements in ap are positive), the p-th subproblem solution will provide the master problem with violation amount (ap ) and the Lagrangian multiplier vector ( I p ) associated with the coupling constraints.
B. The master problem definition
The two vectors ap and xp for the particular contingency p subproblem will be fed back to the master problem. Based on the duality theory, they are used to form the Benders cut as shown below. Consequently, the master problem is defined as
where A = diag(Ip), a*= a;, . The last constraint in (4) is the Benders cut turned over from the current studied subproblem to master problem when q > O , while contains the information about the impacts of contingency p on base case control vector U, . It should be pointed out that the initial U: is solved without the last constraint in (4).
Iv. A N IMPROVED PARALLEL SOLUTION SCHEMES
For each transaction, the corresponding SSC-ATC should be determined so as to be secure with respect to a list of contingencies. An improved, i.e. 'dishonest', parallel solution scheme is discussed here.
In this scheme, all the subproblems associated with different contingencies are processed in parallel. Benders cuts from different subproblems are concurrently fed back to the master problem. The master problem will then be solved according to (4) with all the Benders cuts included, which leads to new base-case U:+' . Subproblem (3) for p = l;--, nc should then be solved in parallel under the solved new basecase ut+' . The iteration between the master problem and subproblems ends until no violation occurs for all the contingencies. It is usually onerous to optimize the master problem with a large number of Benders cuts. Therefore, as shown in Fig.1 , a 'dishonest' parallel scheme, which takes the average values of various non-zero vectors up and zp , and forms only one Benders cut for introducing to master problem, is suggested for the master problem. Since the final ATC solution is based on 'no violation of constraints in all the contingencies', so the solved ATC using the 'dishonest' parallel solution scheme will not be optimistic. 
V. COMPUTER TEST RESULTS
The proposed method and solution scheme are tested on the IEEE 30-bus test system, which has 6 generators, 41 lines, and 3 areas (see Fig.2 ). Results of SSC-ATC calculation between different areas are shown in table 1, where the 'serial' is a conventional and accurate solution scheme, but it is very slow due to the cyclic processing. It can be seen from the above table that the results without considering line outages will get too optimistic estimation of ATC in most cases. Therefore, line outages should be considered in evaluating ATC. Furthermore, table 1 shows the improved parallel and conventional serial schemes get almost the same ATC, which verifies the proposed 'dishonest' parallel solution scheme is accurate and fast, and be therefore very attractive.
VI. CONCLUSJONS
Available transfer capability (ATC) calculation incorporating the effects of the static security constraints was investigated in this paper. The SSC-ATC calculation was formulated as an optimization problem with the contingent conditions represented in detail. Benders decomposition method was successfully used for SSC-ATC calculation. An improved parallel solution scheme has been embedded into the Benders decomposition method to make the calculation more efficient. Computer test results demonstrate the effectiveness of the proposed method and solution scheme in calculating SSC-ATC. [41
